-We have previously demonstrated that human papillomavirus type I (HPV 1) and 16 (HPV f6) E4 proteins form cytoplasmic filamentous networks which specifically colocalize with cytokeratin intermediate-filament (IF) networks when expressed in simian virus 40-transformed keratinocytes. The HPV 16 (but not the HPV l) E4 protein induced the collapse of the cytokeratin networks. (S. Roberts, I. Ashmole, G. D. Johnson, J. W. Kreider, and P. H. Gallimore, Virolory 197217GI87,1993). The mode of interaction of E4 with the cytokeratin IFs is unknom. To identiff E4 sequences important in mediating this interaction, we have construcied a large panel of mutant HPV (primarily HPV t) E4 proteins and expressed them by using the same simian virus 40'epithelial expression system. Mutation of HPV I E4 residues l0 to 14 (LLGLL) abrogated the formation of cytoplasmic filamentous networks. This sequence corresponds to a conserved motif, LaXLL, found at the N terminus of other E4 proteins, and similar results were obtained on deletion of the HPV 16 motif, LLKLL (residues 12 to 16). Our findings indicate that this conserved motif is likely to play a central role in the association between E4 and the cytokeratins. An HPV I E4 mutant protein containing a deletion of residues 110 to 115 induced the collapse of the cytokeratin IFs in a manner analogous to the HPV 16 E4 protein. The sequence deleted, DLDDFC, is highly conserved befween cutaneous E4 proteins. HPV I E4 residues 42 to 80, which are rich in charged amino acids, appeared to be important in the cytoplasmic localization of E4. In addition, wc have mapped the N-terminal residues of HPV I E4 l6-kDa and 10/i1-kDa polypeptides expressed by using the baculovirus system and shorm that they begin at tyrosine 16 and alanini !9, respectively. Similar'sized E4 proteins are also found in vivo. N-terminal deletion proteins, which closely resemble tlie l6'kDa and 10/11-kDa species, expressed in keratinocytes were both cytoplasmic and nuclear Uut OiO not form cytoplasmic filamentous networks. These findings support the postulate that N.terminal proteolytic processing of the El" E4 protein may modulate its function in vivo.
Human papillomaviruses (HPVs) are small DNA viruses which infect the epithelium to produce a variety of clinically different proliferative lesions at different anatomical sites (reviewed by Shah and Howley [38] ), On rhe basis of their epithelial tropisms, HPVs can be broadly divided into two groups, those which infect cutaneous epithelia (e.g., HpV 1) and those which infect the mucosa (e.g., HPV 16) . Propagation of these viruses is closely linked to epithelial differentiation, with vegetative viral DNA replication and virion assembly being restricted to terminally differentiating keratinocytes (reviewed by Howley l22l). A viral RNA transcripr formed by a single splice between the beginning of the El open reading frame and the E4 open reading frame, El"E4, is the major viral transcript found in HPV-induced lesions (6, 7, 28) .The El exon encodes the extreme N-terminal amino acids (HpV 1. 6, and 11, five amino acids) of the El" E4 protein. Although the E4 proteins are expressed in large amounts in papillomas- (4, 5. 8,12,13,43) , the role(s) of the E4 protein in the virus life cycle has remained rather elusive, primarily because of the lack of an in vitro HPV replication system. Mutational analysis of the bovine papillomavirus I E4 gene showed that the E4 protein was not required for transformation or establishment of epi-I Cor.".ponding author. Phone: 21-414-4477. Fax: 2l-414-4486. somal viral DNA (29) . In HPV-induced papillomas rhe E4 protein is localized primarily to cells of the differentiating layers of the epithelium (4,8, 12, 13, 3 I ) . Taken together, these studies suggested that the E4 protein was more likely to have a role in productive infection, possibly by disrupting the normal process of diferentiation to favor virion maturation (12) and/or viral DNA replication (4) .
More recently, several reports have shown that the E4 proteins are associated with the keratin cytoskeleton of cultured epithelial cells (15, 34, 37) . Immunoelectron microscopy studies localized the E4 proteins to tonofilament-like structures in HPV l-induced warts (37) and keratinized epithelium formed by HPV 16-containing keratinocytes (40) . The observation that the HPV 16 E4 protein induced the collapse of the cytokeratin network in cultured cells (15, 34) indicated a possible role in aiding virus egress (15) . However, a similar dramatic collapse of the keratin intermediate filaments (lFs) was not observed in HPV 1 E4-expressing cells (34, 37) or in HPV 16-containing stratified cervical keratinocytes (40) .
Much of our knowledge of the E4 proteins has come from studies of the HPV I E4 protein (4, 12, 16, 20) . In HPV l-induced warts multiple E4 protein doublets of 10i1l-kDa, 16117-kDa,21123-kDa, and 32134-kDa have been identified (4. 12) . The 17-kDa species encodes the El"E4 polypeptide, Vor-. 6U, 1994 N-terminal processing of which is thought to give rise to the smaller proteins (16, 32) , although the exact position of cleavage is unknown. The larger species represent E4 multimers (4, 12, 16) . The different HPV 1 E4 species have a distinct pattern of expression in warts (4, 16) . Tie l7-kDa protein is the first E4 species to be synthesizedin cells of the parabasal layer, and its expression is coincident with the onset of vegetative viral DNA replication (a). The other species appear progressively and concomitantly with epithelial diflerentiation, the 10/11-kDa species being most abundant in the most superficial wart layers. The differential expression and posttranslational modification of the E4 polypeptides may reflect functional modulation of the E4 protein (4, 16, 20) .
Comparison of the E4 proteins showed only limited sequence homology, even between types which share similar epithelial specificity (13) . Aside from a recent report which demonstrated distinct cellular localizations in cultured cells of I{PV 1 E4 proteins differing in their N-terminal sequences (36) , the relationship between the structure and function of the E4 proteins is largely unknown. In a previous study, we expressed the HPV I and 16 E1"E4 proteins, which have limited sequence homology and different epithelial specificities, in simian virus 40 (SV40)-transformed epithelial cells (34) . In the cell line, SVJD, both E4 proteins were localized to extensive and organized cytoplasmic filamentous networks coincident with the cytokeratin filaments. The HPV 16 E4, rytokeratin networks, but not the HPV I E4-cytokeratin lilaments, progressively collapsed to form a fibrous clump. To identify E4 sequences important in the interaction of the E4 protein with cultured keratinocytes and, specifically, with the cytokeratin networks, we have constructed mutations in the HPV 1 and 16 El^ E4 genes by using site-directed mutagenesis and expressed the mutant proteins by using the SV4O-epithelial expression system. The effects of the mutations on localization of the mutant proteins were assayed by indirect-immunofluorescence microscopy,
MATERIALS AND METHODS
Cell lines. Cos-1 is an SV40-transformed cell line derived from CV-1, a simian kidney epithelial cell line (19) , and SVJD, an SV4O-transformed human adult skin keratinocyte cell line (35a) . Both cell lines constitutively express SV40 large T antigen. Cell cultures were maintained in Dulbecco's modified Eagle's medium supplemented with 57o fetal calf serum.
Construction of HPV I and 16 E4 mutations. Full details of the construction of the HPV I and 16 El" E4 cDNAs are given by Roberts et al. (34) . I)eletions and single and multiple substitutions were generated by oligonucleotide-directed in vitro mutagenesis by the method developed by Taylor et al. (42) and supplied in kit form by Amersham lnternational. To prepare single-stranded template DNA we cloned the HPV I and 16 El" E4 cDNAs into a unique Bglll restriction site engineered into the phagemid vector, PTZIS (Bio-Rad). The HPV I E4 deletion mutant. L2-60. was derived from the El^ E4 cDNA by the PCR technique. The forward PCR primer (5'-TCTAGCCACCATGGGCCTTACGGACG-3') fused an initiation codon (underlined) in the correct context (25) to the E4 sequence beginning at codon 61. The PCR fragment and mutated cDNAs were sequenced in their entirety and subcloned into the SV40 early replacement vector, pAPl6 (27) , downstream of the SV40 early promoter as described previously (34, 35) .
Preparation of SV40 recombinants. High-titer stocks of SV40 recombinants were prepared essentially as described previously (34) . Briefly, the recombinant viral vectors were MUTANT HPV E4 PROTEINS EXPRESSED IN KERATINOCYTES 6433 digested with EcoRI to remove the bacterial plasmid vector, recircularized with DNA ligase, and electroporated into the SV40 permissive cell line, Cos-I. Cells were harvested at maximum cytopathic efect and frozen and thawed three times, and the virus supernatant was stored at -70'C.
Immunofluorescence microscopy. Infection of SVJD cells with recombinant virus and processing for immunofluorescence microscopy were carried out as described previously (34) . Cells were grown on glass slides and infected in situ with recombinant virus. At 72 h postinfection the cells were fixed in freshly prepared 4Vo paraformaldehyde for 8 min and then subjected to permeabilization in cold (-20"C) acetone for 10 min.
IIPV I wild-type and mutant E4 proteins were detected by using the 4.37 mouse monoclonal antibody (MAb) (16) or an anti-E4 rat polyclonal serum, p1p7 (12) . HPV 16 E4 proteins were detected with a mouse MAb, TVG402 (kindly provided by John Doorbar, University of Cambridge, Cambridge, United Kingdom [14] ).
The anti-keratin antibodies used in this study were a rabbit antiserum to K5 and MAbs to K18 (LE65 [26] and CY-90 ISigma Chemicals]). The rabbit K5 antiserum and LE65 were a kind gift of Birgitte Lane, University of Dundee, Dundee, United Kingdom. For LE65 activity, cells expressing mutant HPV 16 E4 proteins were processed in acetone (-20"C) for 5 mm.
Specific antibody interactions were visualized with fluorescein-or rhodamine-conjugated antibodies purchased from Sigma Chemicals and Southern Biotechnology Associates. All reagents were used as specified by the manufacturers.
Protein sequencing. Aliquots (-10 to 30 pg) of HPV I E4 protein, purified from insect cells infected with a recombinant baculovirus as described by Roberts et al. (35) , were fractionated on a sodium dodecyl sulfate-polyacrylamide gel and electroblotted onto Problott immobilization membrane (Applied Biosystems) in 10 mM CAPS [3-(cycloherylamino)-1-propane sulfonic acidl (pH 11.0)-10Vo methanol at 200 mA for 12 to 16 h. The blot was rinsed in distilled water, and proteins were stained with0.27o Ponceau S in 17o acetic acid. Following brief destaining in distilled water, the individual polypeptide bands were excised and sequenced on an Applied Biosystems sequencer model 4374.
Computer analysis. Alignment of the IIPV E4 amino acid sequences was performed by using the sequence analysis software package, GCG version 7.3 (Genetics Computer Group Inc,, University of Wisconsin). The E4 sequences were obtained from GenBank (release 81.0), EMBL (release 37.0), and NBRF-PIR (release 39.0) databases.
The HPV I E4 sequence was compared with the NBRF-PIR protein database (release 38.0) by using a rigorous local alignment algorithm (2) . Amino acid substitutions were scored by using the Dayhoff 250 PAM mutation data matrix (10) . The length-dependent gap penalty was set to 8.0. The significance of the highest-scoring alignments was evaluated by using a new statistic that considers the score and length of the alignment (2a) and was also checked using a conventional NeedlemanWunsch alignment (30) . The standard deviation score of each alignment was calculated by comparing the score for native sequences with the distribution of scores for 100 shuffied sequence pairs of the same length and composition.
RESULTS
Construction of mutant HPV I and 16 E4 proteins prior to expression in epithelial cells. Our mutational analysis of the E4 proteins used the HPV I El" E4 protein as the primary J. Vnor. EEEE template and, generally, targeted regions containing sequences conserved between E4 proteins. The leucine-rich sequence, II.GLI-(residues 10 to 14), near the N terminus of the HPV I El^ E4 protein and the relatively proline-rich sequences found C-terminal to the leucine motif both reDresent conserved characteristics of the E4 proteins, including the HPV l6 El^84 protein (11, 16 ) (these regions are boxed in Fig. lA) . Therefore, these sequences in both the HPV I and 16 El^ E4 proteins were mutated. The HPV I E4 sequence between residues 42 and 80 is dominated by charged amino acids (-56Vo) and can be further divided into a basic (approximately residues 42 to 56) and an acidic (approximately residues 64 to 80) domain. Charged domains are present in other E4 proteins (13) , the most unusual being the HPV 4 E4, which encodes a string of 10 glutamic acid residues. To determine the importance of these residues in the formation of IIPV I E4-cytokeratin networks, we constructed a small panel of deletions and substitutions across this region. Sequence alignment ofthe E4 proteins present in the database showed significant conservation of the C-terminal regions of cutaneous HPV E4 proteins, a notable feature of which is the preservation of hydrophobic residues (Fig. lB) . The importanca of this region in the HPV 1 E4 protein was examined by constructing a series of small overlapping deletions from residue 90 to the C terminus.
The structures of the mutant HPV I and 16 E1^ E4 proteins are illustrated in Fig. lA. Substitutions are named by using the single-letter symbol for the altered amino acid followed by the position and the amino acid introduced at that position. Deletions are named by a A symbol followed by the number of the flrst and last amino acids deleted. HPV 16 mutations are distinguished by "16" preceding the mutant name.
In addition to the mutational analysis of the E4 proteins outlined above, we wanted to study the expression, in keratinocytes, of the smaller HPV 1 E4 polypeptides found in vivo (16, 11, and 10 kDa [4, 12] ). It is generally assumed that they are derived from the 17-kDa El" E4 protein by N-terminal proteolytic cleavage (16, 32) , but this has not yet been confirmed, because their N termini are blocked and thus refractory to sequencing, In previous attempts to determine the primary structure of wart E4 proteins, an N-terminal sequence, commencing at glycine 61, was obtained from a l0/11-kDa protein preparation (35a). However, this species represented only a small fraction of the protein sample and was most probably a degradation product. On the basis of the reactivity of mapped anti-HPV 1 E4 MAbs (16), it was predicted rhat the E4 sequences of the smaller species must begin at approximately residue 16 (16 kDa) and between residues 58 and 70 (10llI kDa) of the El" E4 sequence. Therefore, it was judged that glycine 6l may be close to the position of the 10/11-kDa N termini. To determine whether a protein consisting of just the C-terminal half of the HPV 1 E4 protein could be exoressed in epithelial cells. we constructed a deletion mutant which encoded residues 6l through to the C terminus lL2-60, SV40-mutant E4 recombinant viruses were prepared as described in Materials and Methods and used to infect the SV40-transformed human adult skin keratinocyte cell line SVJD. Immunofluorescence microscopy with antibodies to the E4 and cytokeratin proteins monitored the expression of the mutant proteins and their eflects on the keratin networks. More than one infection was performed for each mutant to ensure phenotypic consistency. The ability of HPV 1 El" E4 deletion mutant proteins to form cytoplasmic filamentous networks and coalign with the cytokeratin filaments is summarized in Fig. 2 . A more detailed description of the effects of all E4 mutations on cellular localization of the mutant E4 proteins is given in Table l. HPV I E4 N-terminal deletion mutants do not form cytoplasmic networks in epithelial cells. The A2-60 protein was not recognized by the 4.37 MAb (the 4.37 epitope has been mapped to approximately residues 55 to 63 [16] ) and therefore was detected by using a rat anti-E4 polyclonal serum, plp7. The mutants 42-15 and 42-60 produced similar but not identical immunofluorescence staining. Like the wild-type (wr) protein, both mutant proteins were detected in the nucleus and cytoplasm, but neither formed cytoplasmic filamentous networks ( Fig. 3 ; compare 42-15 and A2-60 with WT). In the majority clf positive cells, nuclear staining of both mutant 6436 ROBERTS ET AI.
J. Vnor.. " The mutant Ij,4 proteins were broadly divided into groups based on srmilar immunofluorescent staining. " The rmmunofluorescent stalnlng of the lrt IIPV1 and 16 E4 proteins has been described previously (34) . 'Abbrevnhon for the li4-stalned mclusions detected in pt-exDressins cells. d Faint cytoplasmlc aggregates were observed in some cells, but their-detection varied between mfection experiments proteins was bright, although cells (<lVo) with only a punctate cytoplasmic A2-60 staining were detected (data not shown). Cltoplasmic staining appeared diffuse or patchy and, in some cells, faint. Occasionally (<5% of positive cells), the 42-15 protein was also localized to small bright cytoplasmic "spots" (see the lower cell shown in Fig. 3, 42-15 ). The lack of A2-15 filamentous networks was not due to masking of the 4.37 epitope, because 4.37 and p1p7 produced identical immunofluorescence staining (data not shown). The rytokeratin networks in these cells were normal (data not shown), The leucine-rich motif consenyed at the N terminus of E4 proteins was essential for the formation of cytoplasmic filamentous networks. Deletion of FIPV I E4 residues 2 to 15 , which removed the El sequences and the leucine-rich motif (LLGI-L), abrogated the formation of cytoplasmic fllamentous E4 structures and indicated that the extreme Nterminal sequences are important in HPV 1 E4 network formation. Further mutational analysis of this region showed that the leucine motif plays a crucial role in the formation of these structures. Deletion of the motif (A10-14) or substitution of the leucine amino acids (L10SL1 15 and LI3SL14S) abolished the formation of cytoplasmic E4 networks in keratinocytes. The immunofluorescence staining patterns produced by these mutant proteins were identical (Table 1) and were similar to L2-15 staining (shown in Fig. 3 ), although in some cells faint E4-stained aggregates were detected (data not shown). Also, a glycine l2-toleucine substitution prevented the mutant protein (G12L) from forming filamentous networks but produced strikingly different phenotypes (Fig. 44 and B) . Cytoplasmic Gl2L staining was localized predominantly to multiple spots (Fig. 4,A' ) or large brightly stained granules (Fig.  4B) . At a higher magnification the granules appeared as clusters of small inclusions which show a bright annular fluorescence (data not shown). The staining of these small inclusions is similar to the E4 staining of phase-dense inclusions (arrowed in Fig.3 WT) observed in some cells expressing the wr HPY I E4 protein and which also can be coincident with rytokeratin staining Qa,35a). In this study, inclusions with this characteristic staining pattern will be referred to as wl inclusions. Cytokeratin staining was not coincident with Gl2L staining (data not shown). Not all cells, and in particular not those expressing the large aggregates, expressed nuclear Gl2L. A second substitution at this position (glycine -+ lysine) converted the HPV 1 leucine motif (LLGLL) to the HpV 16 sequence (LLKLL). In contrast Io Gl2L, this mutant protein (G12K) was localized to cytoplasmic filamentous networks which were associated with bright nuclear staining and often a diffuse cytoplasmic staining (Fig. aC) .
Mutation of tyrosine 16 (Y16S and Y16F) [ Fig. 1A (D] did not affect the formation of filamentous E4 networks (Table 1) .
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Both proteins produced staining patterns indistinguishable from that of the wt protein (data not shown).
To determine whether the HPV I E1^ E4 N-terminal amino acids encoded by the E1 exon played a role in the formation of E4-cytokeratin structures in SVJD cells, we constructed the deletion mutant A2-5 [ Fig. 1A (D] . Unlike the leucine motif mutations, deletion of the E1 residues did not abrogate the formation of filamentous structures. However, A2-5 networks were not distinct and were associated with a strong cytoplasmic diffuse staining (Fig. aE and F) , although filaments were clearly visible running across the top of the nucleus of cells which did not express nuclear A2-5 protein (Fig. aG) . In fact, the majority of positive cells (-70Vo) did not express nuclear A2-5 protein. The A2-5 protein was also localized to cytoplasmic wt inclusions (indicated by an arrow in Fig. 4E) , and, in some cells (-20%), the mutant protein was exclusively localizedto these inclusions or bright cytoplasmic "spots" (Fig. aD) .
Deletion of the leucine motif from the HPV 16 El E4 protein (LLKLL, I6LI2-I6) also had a deleterious effect on E4 network formation. In the majority of positive cells (>80%) the mutant protein was exclusively intranuclear (Fig. 5B) . Intranuclear localization was confirmed by confocal microscopy (data not shown). C|'toplasmic 16LI2-16 staining was less common and appeared as short filaments or bright aggregates ( Fig. 5C and D, respectively) . In SVJD cells expressing w/ HpV 16 E4 protein, the E4-cytokeratin networks progressively collapsed to form a fibrous cytoplasmic inclusion body (3a) (Fig.  5A) . However, the morphology of the cytoplasmic l6L,I2-16 aggregates was unlike the fibrous clumps of collapsed wr E4-cytokeratin proteins. Moreover, dual staining of these cells with E4 and cytokeratin antibodies showed that the cytokeratin networks had not collapsed, although there was some coincident staining between the two proteins ( Fig. 5D and E) .
In summary, these studies have shown that the clusters of leucine residues found near the N terminus of the HpV 1 and 16 E4 proteins, which also represent a conserved motif of the E4 proteins, played a crucial role in the formation of cytoplasmic filamentous E4 networks in SVJD cells.
Proline-rich sequences are not important for the formation of HPV 1 and 16 E4-cytokeratin structures. A series of small overlapping deletions was constructed, covering the HPV 1 and 16 proline-rich sequences which lie C-terminal to the leucine clusters (HPV 1 residues 2l to 30; HPV 16 residues 23 to 36) (see Fig. 1A for details of the mutations). Following expression in SVJD cells, all deletions caused immunofluorescence staining indistinguishable from that of their respective w/ proteins ( Fig.2; Table 1 ; data not shown), indicating that these proline-rich regions, a relatively conserved feature of E4 proteins, do not have an important role in the formation of HPV 1 and 16 E4-cytokeratin structures.
Mutation of HPV I E4 sequences rich in charged amino acids alters the cellular distribution of the mutant E4 proteins. Several of the mutations constructed in the charsed region (residues 42Io 80) of the HPV 1 E4 protein affected-ihe normal cellular distribution of the mutant protein (Table 1 : Fig. 6) . A notable feature of these mutations was a predominantly nuclear localization of the mutant proteins. Also, nuclear and/or cytoplasmic immunofluorescence staining was charccterized by multiple bright "spots" andfor inclusions (of which some were wt). However, faint qtoplasmic filamentous staining of the mutants was detected. These phenotypes were particularly associated with the deletion mutations L49-53 (SDKDS; Fig. 6 ,{) and L74-79 (EDEEKE; Fig. 68 ) and the triple substitution of residues 75 to 77 (DEE-KKK [ Fig. 6C and  D, inset] ). The cytoplasmic spots were a dominant feature of L74-19 ( L7517 andE76KE77K (Table 1 ). The spots of mutant protein decorated the fllaments and formed a "beads-on-a-strins" effect (e.g., E76KF.77K [Fig. 68, inset] ). Interestingly, a uniqie phenotype was observed in -10% of DEE-KKK-expressing cells (Fig. 6D) . The protein had formed aberrant filamentous networks in which the filaments were thicker than those formed by the wt protein and the network had lost spatial distribution. Dual-immunofluorescence microscopy with anti-E4 and cytokeratin antibodies revealed coalignment between the two proteins ( Fig. 6E and F) . Cells expressing these aberrant networks did not always express nuclear mutant protein and often appeared to be in or had just undergone mitotic division.
Deletion of sequences near the IIPV 1 E4 C-terminus induced the collapse of E4-cytokeratin networks. The cellular distribution of the HPV 1 E4 mutant proteins missing the six C-terminal amino acids (4L20-I25\ or residues 90 to 95 (490-95) was overall similar to that of the rv/ protein ( Table 1) . The deletion mutants covering residues 95 to 110 (495-100, A100-105, and 4105-110) and 115 to 120 (A115-120) formed identical staining patterns (Table 1) . Cltoplasmic filamentous staining of these mutant proteins was predominantly diffuse, although distinct rytoplasmic networks were detected in -5 to 15% of positive cells (e.g., 4105-110 [ Fig. 7, inset] ). The deletion mutant 4110-115 (DLDDFC) formed rytoplasmic filamentous networks coincident with rytokeratin networks, but, in contrast to the wt protein, the 4110-115/rytokeratin networks collapsed to form a perinuclear fibrous coil or clump (a cell containing a collapsed structure is indicated by a large arrowhead in Fig. 7 ). Both K5 and K18 cytokeratin proteins were associated with the collapsed Al10-115 structures (Fig. 7 [K5] and data not shown [K18]). The collapse of rhe A1I0-115/cytokeratin filaments was remarkably similar to the HpV 16 E4-cytokeratin collapse in SVJD celis (34) (Fig. 5A) . In some cells the A110-115 filamentous staining was very diffuse but coalignment with the cytokeratin filame*nts was observed (indicated by small arrowheads in Fig. 7) . Interestingly, the mutant protein containing the cysteine 115-to-alanine substitution (C115A) formed a staining pattern indistinguishable from that of the wl protein (data not shown).
Vou 68, 1994 keratinocytes. Furthermore, we have demonstrated that sequences conserved between E4 proteins play a crucial role in the formation of HPV I and 16 E4-cytokeratin structures.
Clusters of leucine residues (LLXLL or comrpted versions) are a conserved feature found near the N terminus of E4 proteins (11) . Their importance is demonstrated by the observation that deletion of the HPV I (LLGLL) and 16 (LLKLL) motifs abrogated the formation of qtoplasmic E4 networks (Table 1 ; Fig. 5 [HPV 16] ). Moreover, a point substitution in the HPV I sequence (glycine -+ leucine) also abolished network formation (Fig. aA and B) . Mutations elsewhere in the HPV I E4 protein did not produce such a deleterious effect ( Fig. 2; Table 1 ). We therefore conclude that the leucine motifs are likely to play a central role in the interaction of the E4 proteins with the cytokeratin IF networks.
The N-terminal 5 amino acids of the HPV I El" E4 protein are derived from the N terminus of the El open reading frame (7) . Consewation of a spliced E1^ E4 structure between other papillomavirus types (1, 6,9,17,28,39) does, in itself, suggest that the extreme N-terminal amino acids are likely to be important in E4 function. Furthermore, it has been noted that the HPV I E1" E4 N-terminal sequence (MADNKA) corresponds to a conserved motif (MADXXA), also found at the N terminus of other E4 proteins (37) . The formation of distinct E4-cytokeratin structures in cultured keratinorytes by the HPV 1 El^ E4 protein and an E4 protein lacking the E1 amino acids constituted the first evidence that the N terminus may be important in the interaction of E4 proteins with IFs (36, 37) . In this study, an equivalent N-terminal deletion protein (L2-5) formed cytoplasmic networks, but their morphology was dis, tinct from that of the w/ networks (compare Fig. 4F and G with Fig. 3 WT) . These results support a role for the E,1 residues in the interaction of E4 with the keratin cytoskeleton.
The HPV 1 El" E4 protein is also associated with inclusion bodies (indicated by arrows in Fig. 3 WT) , which can also coalign with cytokeratin staining (3a, 35a). In this study the loss in ability of a mutant protein to form fllamentous networks did not always correlate with a loss in the formation of inclusions (Table 1) . While deletion of the leucine motif or substitution of the leucine pairs abolished the formation of both the networks and inclusions, the point substitution within the motif (G12L) abrogated the formation of the filamentous networks only, and inclusions were still formed. However. the inclusions had aggregated to form large granules (Fig. 4B) , and no colocalization with the rytokeratin proteins could be detected. These results suggest that the formation of HPV I E4 fllamentous nefworks and inclusions and their colocal2ation with the qtokeratin proteins involve similar but not identical E4 sequences. E4-stained inclusions, but not filamentous networks, were also detected in a rabbit keratinocyte cell line (VX2R) transiently expressing the HPV I E1^ E4 protein (36) . Ultrastructural and immunoelectron-microscopic studies showed that these inclusions are associated with tonofilament bundles and were similar to the eosinophilic E4 inclusions found in HPV l-induced warts (37) . Failure to detect E4-cytokeratin
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filamentous networks in VX2R cells may reflect differences in the posttranslational modification processes (34) and/or the level of E4 between the two expression systems. The HPV I E4 C-terminal region (residues 89 to 125) represents a conserved domain in E4 proteins. Unlike the N terminus, however, this conservation is restricted to cutaneous HPV E4 proteins (Fig. lB) . Deletions across part of this region in the HPV I E4 protein impaired but did not destroy the ability of the mutant proteins to form filamentous networks (Table 1) . However, a surprising result was obtained with a deletion of residues 110 to 115 (A110-115). The A11G-115/ cytokeratin networks collapsed in a manner analogous to the collapse of the cytokeratin networks caused by the HPV 16 El^ E4 protein (Fig. 7) . The amino acid sequence deleted (DLDDFC) corresponds to a sequence highly conserved between the cutaneous E4s (Fig. 1B) . Interestingly, mutation of the HPV 16 E4 protein has identified C-terminal sequences, conserved among E4 proteins of mucosa-specific HPV types, which have also been shown to be important in E4-rytokeratin collapse (33a). Therefore, the differences in behavior of the HPV 1 and 16 El^ E4 proteins in cultured keratinorytes, i.e., noncollapse versus collapse of the wt E|-cytokeratin structures (34) , may be related to the C-terminal sequences of the proteins. The tissuelinked diversity of these sequences possibly reflects that their role in the association between E4 and the rytoskeleton may be governed by tissue-specific factors.
The HPV I El^ E4 protein expressed in cultured keratinocytes (34, 37) and in vivo (4) is both cytoplasmic and nuclear. The mode of nuclear translocation of the E4 protein is presently unknown, although it has been suggested that the extreme N-terminal amino acids of the El^ E4 protein could be involved (36, 37) . Our flndings also showed that a mutant HPV 1 E4 protein lacking the E1 amino acids (A2-5) is exclusively cytoplasmic in most SVJD cells (Fig. aD and G) . RogelGaillard et al. (37) also noted that the HPV I E4 protein encodes a potential nuclear translocation signal (residues 33 to 48). However, deletion of part of this putative signal sequence (444-48) did not alter the cellular distribution in SVJD cells of the mutant protein (Table 1) . A notable effect of mutation of the charged domain of the HPV 1 E4 protein (residues 42 to 80) was a predominant nuclear localization of the mutant proteins (Fig. 6) . However, the ability of the mutant proteins to form filamentous networks when localized to the cytoplasm was, overall, not impaired. A significant fraction of those mutant proteins unable to form both cytoplasmic networks and inclusions are retained in the cytoplasm ( Fig. 3; Table 1 ), which suggests that the cytoplasmic occurrence of the HPV 1 E4 protein is not dictated simply by the ability to form B1-cytokeratin structures. Taken together, these observations may indicate that sequences in the charged domain have a role in the cytoplasmic retention of the HPV 1 E4 protein, possibly through interaction with cytoplasmic anchoring proteins. In contrast, the cytoplasmic localization of the HPV 16 El^ E4 protein did appear to be dependent on the formation of 1 14) and human skeletal muscle actin (residues 284 to 352) protein sequences. The SD score of the alignment was 8.8 (see Materials and Methods for details of the alignment procedurej. The average score expected f& proteins that do not share similarity is.3'0. Signifi_cant alignments to proline-rich precursor p.-ot"itn were also identified. Tf,is similarii, is most probably due to the unusual composition of the HPV I E4 sequence rather than to any genuine homology. Conserved amino acids are ihaded, and invariant residues are indicated by stars. The single-letter amino acid code is used. Arrows below the uiiin ,eqrr".r.. denote the positions of o-helices, p-sheets, and loops in the actin structure according to Kabsch et al. (24) .
E4-cytokeratin networks. The leucine motif deletion mutant (16L12-16) was almost exclusively intranuclear (Fig. 5ts) .
Some of the mutant E4 proteins displayed heterogeneous immunofluorescent staining patterns in SVJD cells (Table l) . For example, the mutant protein encoding the triple substitution, DEE-KKK, in the acidic region, was localized almost exclusively intranuclearly in the majority of cells (Fig. 6C ) but formed aberrant cytoplasmic E4-cytokeratin networks in cells which appeared to be undergoing mitotic division (Fig. 6D) . Therefore, the localization of the E4 proteins mav be cell cvcle regulated. It may be that changes in the organization of the cytokeratin networks during mitosis (reviewed by Stewart [41] ) affect the interaction with the E4 proteins.
The association between E4 and the cytokeratin IF networks may occur through a direct interaction or be mediated by accessory proteins. Whatever the mode of interaction, we have shown that the HPV 1 E4 N-terminal sequences, and specifically the leucine cluster, have an important role in this association. Secondary-structure predictions suggest that the leucine cluster is likely to adopt a B-sheet conformation (16; our unpublished results). This may represent an important structu_ral motif, possibly acting as a binding site or forming part of one for an as yet unidentified binding partner(s). The El residues, although important, appear to play a lesser role in the formation of the E4-qtokeratin networks (see above) and therefore may have an indirect role in the interaction. It is interesting that removal of the E1 sequences results in a protein which is less phosphorylated than the full-leneth E1" E4 protein (37) , and it was suggested that a conformatioial change may have masked potential phosphorylation sites. Assuming this to be the case, an altered conformation andior phosphorylation status may result in a reduced affinity of the mutant protein for an interacting species. In contrast to the deleterious effect of mutation of N-terminal E4 sequences, deletion of HPV 1 and 16 E4 sequences which lie immediately C-terminal to the leucine clusters was not detrimental to the interaction with the cytokeratin IFs or their collapse (HpV 16 only). These sequences are relatively rich in proline amino acids and represent a conserved characteristic of the E4 proteins. Prolines are often associated with flexible sesments of proteins (3), and it is therefore plausible, although *i have no direct evidence, that these regions in the E4 proteins may act as a flexible hinge or linker between the important Nterminal domain and the resr of the E4 protein (Fig. 2) . Structural constraints may not be high within a linker region and therefore would be relatively tolerant to mutation.
It is interesting that a search of a protein database by using a rigorous local alignment algorithm (2) identified significant homology (-4880 homology and -25% sequence identity) between a region of the HPV I E4 protein (residues 4g to l 14) and actin (residues 284to352). The alignment and the regions of actin secondary structure, based on the three-dimensional structure (24) , are shown in Fig. 8 . This region of actin has been implicated in actin self-interacrions (residues 286 to 305 [21] ) and in the interaction with the myosin head (actin sequenccs 340 to 349 [331y. Whether rhis rebion of the HpV I E4 protein does have structural similarity with actin is being investigated by using computer modeling techniques. It should be noted that this alignment with actin is not found with other E4 types.
The N-terminal positions of the 16-and 10/1l-kDa HpV 1 E4 polypeptides expressed in baculovirus-infected insect cells (]5) were assigned to tyrosine 16 and alanine 59, respectively [ Fig. lA (i) ]. These positions agree with the predictedsrarts oi E4 sequences in the wart polypeptides (16) and provide strong evidence that these species are derived form the l7-kDt polypeptide by N-terminal cleavage. Interestingly, the 10-and 11-kDa proteins had the same N-terminal ends, and therefore the difference in molecular mass may be caused by variance in C-terminal sequences (16) and/or posttranslational modification. The processed E4 polypeptides would lack the N-terminal leucine motif of the El" E4 protein, which we have shown to be important in the interaction with the cytokeratin networks in cultured keratinocytes (Fig. 2) . Indeed, IIPV 1 E4 N-terminal deletion mutant proteins which correspond to, or are close to, the 16-kDa (42-15) and 10/1l-kDa (A2-60) polypeptides did not form cytoplasmic E4-cytokeratin networks in SVJD cells (Fig. 3) . Together, these results supporr the postulate rhat the function of the E4 protein in vivo may be modulated by N-terminal processing (4, 16, 36) . It is interesting that cytoplasmic E4-stained filamentous structures were detected in parabasal cells of an experimental HPV l-induced wart (34) . These may represent structures formed between the l7-kDa El" E4 protein, which predominates in these layers (4, 16) , and the rytokeratins. Multiple E4 polypeptides have also been identified in lesions induced by HPV types 2, 4, 6, and 1 1 (5, 13, 43) and bovine papillomavirus type 1 (23) , which could indicate that N-terminal processing of E4 proteins is common among other papillomavirus types. We have shown that the N-terminal sequences of the HPV 16 El" E4 protein are also important in the association with the cytokeratin IFs, but whether this E4 undergoes similar N-terminal processing is presently unknown. Only a single HPV 16 E4 protein of 10-kDa has been detected in culturcd cells ( 15, 34) .
Whether the 42-15 and 42-60 mutanr proteins and the full-length E1" E4 protein interact with other nuclear or cytoplasmic proteins in SVJD cells is at present unknown. In warts the different HPV 1 E4 polypeptides are expressed in a progressive manner (4, 16) , and the function ofthe different E4 proteins is likely to be related to their location of expression. It is possible that cellular proteins, important in the function of the processed E4 proteins in vivo, e.g., protein kinases (20) and/or cytokeratins (18) , are not expressed in SVJD cells. We have recently identifled the HPV 1 E4 protein as a zinc-binding protein (35) . Mutation of the zinc-binding site did not abrogate the formation of rytoplasmic E4-cy.tokeratin networks in SVJD cells. However, zinc may have a role in an, as yet, unassayable E4 activity(ies).
The identification of specific E4 sequences important in the association with the keratin cytoskeleton in cultured keratinocytes is the first step toward the elucidation of the mode(s) of interaction of this diverse group of viral proteins. N-terminal proteolytic cleavage of the E'1" E4 protein could be a mechanism by which this association may be modulated in vivo.
